Carbon is an intriguing element for scientists from many fields because of the diverse *sp*, *sp*^2^ and *sp*^3^ bonding states and its fascinating physical and chemical properties[@b1]. Within condensed matter physics, there are many well-known carbon allotropes, namely; graphite, fullerene, graphene, nanotubes, diamond and amorphous carbon[@b2][@b3][@b4]. Motivated by the supreme properties and potential applications of those carbon structures, there is great interest in synthesizing new allotropes.

The term glassy carbon (GC) includes numerous modifications of carbon with different fraction of *sp*, *sp*^2^ and *sp*^3^ hybridized states from short-range to intermediate-range-order structures. Many of these modifications are used within industrial applications where their unique properties are utilized. Combining the chemical inertness of a glass with the high electrical conductivity of a ceramic, GC finds important applications in the manufacturing of crucibles and electrodes and as coatings for electronic devices. One commonly used thin film form of glassy carbon is the diamond like carbon coating, which is well used as a protective wear resistant coating. Within this group of glassy carbon coatings, some contain about 50 at.% hydrogen (a-C:H), other contain less than 1% hydrogen (a-C)[@b5]. The a-C:H typically contain *sp*^3^ fractions smaller than 50%, while the a-C films can contain 85% or more *sp*^3^ bonds[@b5].

Many different structures of glassy carbon have been suggested on the basis of X-ray Diffraction (XRD)-measurements and the high resolution transmission electron microscopy imaging[@b4]. Ergun and Tiensuu[@b2] found both *sp*^2^ and *sp*^3^ C-C bonds in glassy carbon. Jenkins[@b3] considered the GC crystallite as a complex polymer-like structure, where graphite-like layers were stacked together. The model of glassy carbon with carbyne-like chains has also been proposed by Pesin et al.[@b5]. Recently, a model for the structure of glassy carbon at high and low temperature have gained acceptance[@b6]. The high temperature structure can be thought of as mainly consisting of broken or imperfect fullerene-like multilayered nanoparticles with very large enclosed pores. The low temperature structure consists of a curved carbon sheet consisting of pentagons, heptagons and hexagons.

The transformation mechanism amongst various forms of carbon allotropes and the unrevealed metastable phases along these transition pathways have been a long-lasting issue, since these polymorphs possess entirely different electronic and mechanical properties. Cold compression with diamond anvil cell (DAC) and first-principles simulations are regarded as the most powerful experimental and theoretical tools to interpret the process of conversion[@b7]. At hydrostatic pressure up to 5 GPa, many experiments reveal a fascinating phase transformation of fullerenes into ordered or disordered diamond or graphite[@b8], in which the hardness sometimes can approach that of perfect *sp*^3^-type diamond. Moreover, the compression behavior, the phase diagram, the optical, electronic, and mechanical properties of the C~60~ crystal have been well investigated in the past decade[@b9]. By means of cold compression of graphite at ambient temperature, Mao et al.[@b7] observed partial *sp*^2^-type bonds conversion into *sp*^3^-type bonds in graphite at around 14 GPa, which demonstrated the formation of a new superhard phase instead of the hexagonal and cubic diamonds. Theoretical studies have proposed several possible structures for such cold compressed graphite, including the monoclinic M carbon[@b10], body centered tetragonal Bct-C4 carbon[@b11], orthorhombic W carbon[@b12], R carbon, P carbon[@b13], and Cco-C8 carbon[@b14]. The XRD-patterns of those predicted structures showed a rough agreement with the corresponding experimental results, However, M-Carbon has been recently supported again by experiment[@b15]. With the aid of high temperature (T = 2300--2500 K), graphite converts completely into diamond at pressures above 15 GPa[@b16][@b17]. Very recently, Lin et al.[@b18] observed a new carbon allotrope with a fully *sp*^3^-bonded amorphous structure formed from GC after hydrostatic loading of more than 40 GPa at room temperature. Using synchrotron X-ray Raman spectroscopy, they found a continuous pressure-induced *sp*^2^-to-*sp*^3^ structural change. This new GC allotrope was suggested to be a superhard material, as indicated by its exceptional yield strength up to 130 GPa with a confining pressure of 60 GPa. Yet the exact glassy carbon structures during phase transition and the origin of its superior mechanical properties has not been explained.

In this paper, we explore the detailed structures of GC and illustrate its mechanical properties under a wide pressure range of 0--79 GPa by means of DFT. The initial GC model at ambient pressure was built by the stochastic quenching (SQ) method[@b19][@b20][@b21][@b22][@b23] where the density and minimum number of carbon atoms were tested carefully. Our results provide theoretical evidence of a change in bonding type (*sp*, *sp*^2^, and *sp*^3^) of the GC-structures under high pressure. A certain amount of the C~2~ dimer was found in the glassy carbon structures, independently of the loading pressure but decreasing with annealing temperature. The existence of the C~2~-dimer may delay the *sp*^2^-*sp*^3^ transformation. More strikingly, we predict a new carbon crystalline phase which can be triggered to transform into the amorphous state by exerting a small perturbation to the system. It can be regarded as the embryo of GC and may provide an alternate method of amorphization of the carbon phase besides quenching from liquid melt or gas by ultra-fast cooling.

Results
=======

[Figure 1](#f1){ref-type="fig"} shows the cohesive energies and symmetries of twenty random structures generated by the SQ method. Clearly, these twenty structures cover many different atomic arrangement and symmetries. As already demonstrated in our previous work[@b24], the SQ method efficiently reproduces metastable phases that may only be found experimentally by ultrafast cooling from liquid melt or by off-equilibrium synthesis. In addition, beyond the previously reported stable or metastable carbon phases (cubic diamond, monoclinic M-carbon[@b10], body centered tetragonal bct-C4 carbon[@b11], orthorhombic W carbon[@b12], R carbon, P carbon[@b13] and Cco-C8 carbon[@b14]), our simulations reveal a new trigonal structure with R3 symmetry. In [Figure 2 (a)](#f2){ref-type="fig"} the detailed structure of this phase which we denote the R3-carbon phase is displayed. Within the unit cell of this structure, there are four inequivalent atoms bound with *sp*^3^ hybridized covalent bonds. The calculated atomic density and band gap are slightly lower than that of diamond. The calculated XRD-patterns of the R3-carbon phase along with the other carbon allotropes studied in this paper are shown in [Figure 2 (b)](#f2){ref-type="fig"}. R3-carbon phase is markedly different from S and B families of cold compressed graphite as is defined by Niu et al.[@b17]. The R3-carbon contains three-membered rings which enable a more compressed structure and serve as binding blocks between five and eight membered rings. Studying the calculated XRD-pattern of R3, it is clear that the R3-structure has its main peaks at 24.1 and 36.4 degrees 2θ, angles at which no other of the compressed graphite phases display any diffracted peaks. Moreover, all other carbon allotropes display main peaks between 40 and 45 degrees 2θ, whereas R3-carbon completely lacks intensity in this region.

In order to investigate the dynamical stability of the R3-phase, phonon dispersion relationships have been calculated by Density Functional Perturbation Theory (DFPT) and the code of Phonopy ([Fig. 3](#f3){ref-type="fig"}). The Brilliouin zone of this allotrope is complex due to its low symmetry and therefore phonon frequencies along paths in all three directions in space were studied (Г-A-H-K-Г-M-L-H). From the calculated phonon spectrum it is clear that there are no negative frequencies throughout the entire Brilliouin zone, which confirms that the R3-phase is dynamically stable.

We first performed benchmark testing of the SQ method for a 4-atoms and a 8-atoms cell with densities of 2.24 g/cm^3^ and 3.52 g/cm^3^, respectively, corresponding to the density of graphite and diamond. To assess the accuracy of our first-principles total energy methods, we calculated the lattice constants and cohesive energies of diamond and graphite crystals using three exchange correlation functionals: the Perdew-Becke-Ernzerhof functional for solids and surfaces (PBEsol), a density functional constructed with a long-range dispersion correction (D2)[@b25] and the van der Waals density functional (vdW-DF)[@b26]. In the bulk calculations, the Brillouin zone was sampled by a 10 × 10 × 10 k points mesh. The computed results are compared with experimental values in [Table I](#t1){ref-type="table"}. For the lattice constants, the results of DFT-D2 method shows best agreement with the experimental values, while the vdW-DF method yields the largest error bars. This sequence is completely opposite for the cohesive energy, where the error decreases in the order DFT-D2, DFT/PBEsol and vdW-DF. Moreover, the description of lattice constants and cohesive energy using vdW-DF method is comparable to previous calculations[@b27]. Considering the accuracy in the calculation of structures and cohesive energies as well as the computational time, we chose the PBEsol functional for the rest of all first-principles calculations in this paper.

The validity of our glassy carbon model structure was assessed by computing the energy and total density of states (TDOS) of glassy carbon supercell models with different number of carbon atoms (100, 150, and 200 atoms). As shown in [Figure 4a](#f4){ref-type="fig"} and its inset table, the total energy and the fingerprint peaks of TDOS converge at a supercell size of 150 atoms, further increasing the number of atoms in the GC model does not significantly change the total energy per carbon atom and the principal shape of TDOS. Previous studies have demonstrated that the supercell sizes of 150--200 atoms were enough for those amorphous phase investigations[@b19][@b20][@b23][@b24]. The total energy as a function of density (or volume) of the 150 atoms GC structure is plotted in [Figure 4b](#f4){ref-type="fig"}. There is a local minimum in the total energy at a density of 1.88 g/cm^3^. Therefore, the dimension of the 150-atom supercell for the ground-state GC was fixed to be 14.41 Å (corresponding to a density of 1.88 g/cm^3^), respectively, which is within the range of the experimental densities for GC (1.02 g/cm^3^ to 2.1 ± 1 g/cm^3^ [@b28]) and agrees with the previous finding that the density of GC is lower than that of pure graphite (2.24 g/cm^3^)[@b4].

Overall speaking, the SQ method is able to locate a large number of possible metastable carbon allotropes with either *sp*^2^ or *sp*^3^-type bonding, which have been previously found by other random structural searches[@b10][@b11][@b12][@b14] in a satisfactory manner. The ground-state graphite structure seems not reachable using this method without applying any symmetry constraint. This result differs from that found for monoatomic metals by Holmström et al.[@b20], who found that the global energy minimum of the crystalline metal could be obtained for a small enough size of the cell. We attribute this difference firstly to the use of a cubic cell for the random guess and to the covalent nature of C-C bonds as well as the stronger tendency for carbon to amorphize compared to simple monoatomic metals. Nevertheless, it is reasonable to use the SQ-method for mapping the potential energy landscape of a disordered phase such as glassy carbon, as was also demonstrated in our previous paper[@b24].

We further investigated the structural changes of GC under a series of hydrostatic pressures. The pressures were gradually applied as follows: the target volume was fixed to a certain value, and the cell geometry and atomic positions were relaxed simultaneously to obtain the final structures. We reduced the desired target volume step by step and repeated the above procedure until the external pressure reached 79 GPa. We first analyzed the structural characteristics of GC at ambient pressure, as presented in [Table II](#t2){ref-type="table"}. For the initial GC at ambient pressure, the density (*ρ*) is 1.88 g/cm^3^ and the mean coordination number (CN) is 2.8, both are lower than *ρ* = 2.24 g/cm^3^ and CN = 3 of graphite. With such low density and small coordination number, a 3-D network structure is still not achieved. Thus, the ground state structure of GC is composed of *sp*-hybridized chain segments that interlink to form some curved fragments of non-classical fullerenes, which include three-, four-, five-, six-, seven-, and eight- membered rings incorporating a very high *sp*^2^ ratio (90%). These *sp*^2^ fullerene fragments are stabilized by π bonding (C~2~ dimer). Moreover, there also exist *sp*^3^ hybridized atoms interlinking the *sp*^2^ dominated fullerene fragments, but the content is quite low. The binding type and relative content of bonding states of GC obtained by our stochastic quenching method are comparable to previous theoretical structural models[@b2][@b3][@b5][@b6].

[Figure 5](#f5){ref-type="fig"} shows the representative GC structures under different external pressures of 0 GPa, 3.6 GPa, and 56 GPa, respectively. In general, these structures show distinct differences. For example, GC below 0 GPa has a two dimensional (2D) layered structure, while GC between 0 and 56 GPa exhibits a compact, three dimensional cross-linked network. Under compression, there is a clear tendency of increased density and the CN, as shown in [Table II](#t2){ref-type="table"}. Up to a high pressure of 79 GPa, the density rises to 3.75 g/cm^3^, which is even higher than for the ambient diamond (3.35 g/cm^3^). Moreover, the CN is also close to the maximal coordinate number of sp^3^ carbon, i.e. 4.

To gain deeper insight into the relationship between the detailed structures and static pressures, the evolution of local atomic structures of GC as a function of pressure can be monitored by the bond length and bonding states of C-C (dimer, *sp, sp*^2^ and *sp*^3^). [Figure 6](#f6){ref-type="fig"} and [Table II](#t2){ref-type="table"} show the bond length and fraction of *sp*, *sp*^2^, and *sp*^3^ in the static pressure range of 0--79 GPa. Upon compression, the variation of bond length can be divided into three distinct regions. From *a* to *b* (0--3.65 GPa), the bond length remains nearly invariant, the ratio of *sp* and *sp*^2^ decreases very slowly, and the *sp*^3^ content only increases from 7% to 11%. These results imply that the compression process of the broken or imperfect graphitic layer progressively approaches each other but does not reach the characteristic distance of C-C bonding. The region from *b* to *c* corresponds to a pressure range of 3.65--9.86 GPa, where the fraction of *sp*^3^ type bonding increases sharply. Meanwhile, the *sp* bonding vanishes gradually and the ratio of *sp*^2^-type bonding also reduces to nearly 40%. At a pressure of 9.86 GPa, the ratio of *sp*^3^ carbon (42%) is comparable to that of *sp*^2^ carbon (49%) and *sp*^2^ hybridized 2-D graphite-like structures transform to *sp*^3^ diamond-like ones. The loss of half of the π-bonds can be explained by the formation σ-bonds between imperfect graphitic layers as the layers continue to approach each other. Under further compression (the third region from *c* to *d*), the 2-D carbon sheets begin to deeper bend and further hybridize with each other. Therefore, the bonding states convert sequentially; as the pressure becomes larger than 50 GPa, the original *sp*^2^ type carbon totally convert to *sp*^3^ type.

The variation in *sp*^3^ fraction with pressure is compared to the calculated *sp*^3^ fractions in structures of amorphous carbon generated by the Car-Parrinello method and by the environment-dependent interaction potential (EDIP) developed by Marks et al.[@b29][@b30]. In their 64 atom simulations, they found a *sp*^3^ fraction of 57% at a density of 2.9 g/cm^3^, which should be compared to our calculated *sp*^3^ fraction of 45% at density of 2.89 g/cm^3^. Assuming that the fraction of dimers generated in the SQ method at this density (11%) would transform to *sp*^3^-like bonds as the structure is allowed to equilibrate at sufficient temperature, the *sp*^3^ content from our model will increase to 56% which is in close agreement with the results by Marks et al.[@b29][@b30]. Moreover, Marks et al.[@b29][@b30] also found that the *sp*^3^ content would increase with increasing time of thermalization.

The variation of bond length of GC can be understood by the following two competing effects: high-pressure compression (which tends to shrinks the bond length) and the interconversion from *sp*^2^ to *sp*^3^ hybridization (which results in longer C-C bond length). As the pressure is less than 10 GPa, pressure-induced rehybridization from *sp*^2^ to *sp*^3^ dominates, and thus the C-C bond lengths are elongated[@b31]. This is a consequence of the formation of tetrahedral *sp*^3^ bonds through removing the unsaturated antibonding states of carbon, as is illustrated in [Figure 7](#f7){ref-type="fig"}. C_p unsaturated bonds at the Fermi level as well as high energy antibonding states are prominent in the unpressurized structure. As the structure is gradually pressurized both these features diminish ([Fig. 7](#f7){ref-type="fig"}). As a reference, the typical bond length of *sp*^3^ hybridized carbon is 1.54 Å (diamond), while 1.42 Å is the length of the σ-bond length in graphite[@b31]. Above 10 GPa, the *sp*^3^-hybridized carbon is more favorable in the amorphous structure, but the pressure-induced shrinking of the bond length is more pronounced. As a consequence, the bond lengths in all the structures under different pressures are all smaller than the standard C-C *sp*^3^ bond length, namely, 1.54 Å[@b32]. This can be understood from the presence of C~2~ dimers, which we will discuss in the following. Interestingly, up to a pressure of 79 GPa and a density of 3.65 g/cm^3^ we observed a certain number of C~2~ dimers in the GC, which are formed as a result of the π-interaction where triple like bonds of about 1.23 Å length are formed[@b33]. With increasing pressure, those C~2~ dimers do not vanish, that is, the density of the C~2~ dimers is not sensitive to the loading pressure on the GC. For example, the concentrations of the C~2~ dimer in the GC structures under pressures of 0 GPa, 6.56 GPa, 18.49 GPa, 55.9 GPa, and 79 GPa are 9%, 12%, 11%, 13% and 11%, respectively.

In [Figure 8](#f8){ref-type="fig"}, the simulated XRD-patterns for the GC at different pressures are presented and compared with the experimental data measured by Lin et al.[@b18] under an external pressure of 45.4 GPa. To generate the simulated XRD-pattern, a wavelength of λ = 0.3982 Å was used. Two peaks resembling the (002) interlayer distance and the (100) intralayer distance (and higher index planes) of polycrystalline graphite are found. The distance between these peaks stays rather constant, from 2.92 Å (0 GPa) to 3.11 Å (79 GPa) and Comparable to that of Lin et al.[@b18] of 2.80 Å (45.4 GPa). The reduction in interplanar spacing (d) and the large pressure-induced shift of the peak corresponding to the distance between the soft (002) interlayers are also reproduced. However, the relative peak intensities do not compare well with Lin et al.[@b18] and the low angle peak which appears at around 5.5 degrees 2θ in Lin\'s XRD-pattern is not reproduced. In our calculated XRD-spectra, the shift of the (002)-peak, corresponding to the decrease in interlayer distance is largest up to 30.3 GPa and seems to be related to the formation of a 3D-network. Above this threshold, there is no significant change of interlayer distance; instead splitting of both peaks occurs, indicating further symmetry breaking. The agreement with Lin et al. is overall relatively poor, suggesting that the GC allotrope found by the SQ-method is different to that synthesized by Lin et al.[@b18].

Our result deviates from the experimental findings by Lin et al.[@b18] in two major aspects: (A) we find a considerably higher transition pressure, or rather, we do not find a complete sp^2^ to sp^3^-transformation; (B) we find C-C dimers, which display some π-bonding for all the pressures investigated in this work. Indeed, the occurrence of C~2~ dimers in our amorphous carbon structures is still reasonable, since the C~2~ dimer is also believed to be an important species or even a nucleation centre for the growth of diamond or nanotubes in experiments[@b34][@b35]. The existence of dimers is one of the reasons to why we do not obtain a 100% *sp*^3^ bond amorphous GC allotrope. One important cause of the difference between our calculated GC and the structure found by Lin et al.[@b18] might be the synthesis method of the GC, which was not specified in the letter by Lin et al.[@b18]. The SQ-method does, as pointed out previously, well describe highly metastable structures formed in non-equilibrium processes, such as plasma-enhanced chemical vapor deposition or physical vapor deposition of thin films. Lin et al.[@b18] instead uses a small bulk sample. Moreover, the temperature may also be an important parameter to consider. Therefore, MD simulations at 300 K, 700 K and 1300 K were performed for two of the high pressure GC phases (56 GPa and 79 GPa). The fraction of each bond type before and after heating is shown in [Table III](#t3){ref-type="table"}. We found the pairs of C~2~ dimers decreasing from 13 to 4 and from 11 to 1, respectively, when increasing temperature from 0 K to 1300 K. This suggests the C~2~ dimers would be considerably decreased in amount or dismissed if the experiments were performed at a high temperature.

The thermodynamical stability, excluding the contribution from vibrational and mixing entropy, of pressure-induced GC can be determined by calculating the enthalpies *H* = *E* + *PV*, where E is the internal energy, P is the applied pressure, and V is the volume, without considering temperature. After optimizing the structures of GC under pressure, the value of the enthalpies can be obtained. The relationship between the calculated enthalpies and pressures for these pressure-dependent GCs in comparison with our calculated value of some crystalline phases (diamond, graphite, T-carbon, M-carbon, W-carbon, R3-carbon, Bct-C4 carbon, and Cco-C8 carbon) are plotted in [Figure 9](#f9){ref-type="fig"}. According to the computed enthalpy, at 0 GPa GC is 0.5--1 eV less stable than some of the crystalline phases (diamond, graphite, M-carbon, W-carbon, R3-carbon, Bct-C4 carbon, Cco-C8 carbon); however, it is more stable than T-carbon. Under compression, M-carbon, W-carbon, Bct-C4 carbon, and Cco-C8 carbon become more stable than graphite beyond pressures of 15--25 GPa, which are comparable to the predictions made by many other groups[@b10][@b11][@b12][@b14]. In previous works, these phases were considered as the main products of cold compression of graphite. The R3-phase and glassy carbon display higher enthalpies (less negative) than graphite. More importantly, one can clearly see that the energy of GC under some pressures lies only 0.2 eV/atom above than R3-carbon. Such a small energy difference suggests a possible transition between them. However, to accurately consider also the kinetics of this transition, calculation of activation energy barriers for the diffusion of carbon from ideal sites in the crystalline R3-structure to the distorted positions of the GC-structure is required.

We now turn to explore the structural correlation between GC and R3-carbon, [Figure 10](#f10){ref-type="fig"} displays the structures of GC under three different pressures (8.46 GPa, 30.3 GPa and 58.3 GPa). After carefully analyzing the structures, we however found a very high content (around 10%) of a unit, similar to that of R3-carbon (or early phase). The early phase resembles crystalline R3-carbon but with distorted atomic positions or disconnecting one of the C-C bonds. As is seen in [Figure 10](#f10){ref-type="fig"}, the early phase of GC contains three-membered carbon rings acting as building blocks between 5 and 8-membered rings, in proximity with R3-carbon. It is of interest to examine the radial distribution function (RDF) and angular distribution function (ADF) to further discuss the structural similarities, which are shown in [Figure 11](#f11){ref-type="fig"}. These will describe the local order and orientation of carbon in the GCs, and is therefore better tool than XRD patterns. At a first glance, all three representative GC structures exhibit obviously amorphous features and the first nearest neighbor distance and second nearest neighbor distance of the RDF from our simulations are about 1.47 and 2.47 Å. Both the positions are consistent with the previous experimental[@b36] and theoretical papers[@b29][@b30]. From ADF, we can clearly see there are four distinct peaks located at about 60°, 90°, 109°, 120° and 140° in the R3 structure. The 60° peak corresponds to the internal angles in the three-membered rings, whereas the 90° peak is attributed to bonds between these rings and the five- and eight-membered rings. 135° is the internal angle of an ideal octagon. In the R3-carbon the octagons are buckled, giving rise to peak contributions between 105 and 140°. Finally, the 109° peak corresponds to the dominant angle of sp^3^-hybridized carbon. From the calculated RDF, ADF and XRD-pattern of R3 we can conclude that such an unusual topology has not been reported for cold compressed graphite before and, furthermore, we find that characteristic peaks and characteristic Angles also exist in the GC structures under different pressure (8.46 GPa, 30.3 GPa, 58.3 GPa), which verify a similarity between the short-range order structures of the R3-carbon crystalline and the final glassy carbon phase.

Therefore, both a small energy difference and the close similarity of GC and the R3-carbon structure mentioned above suggests that the synthesis of GC from the R3-phase might be another route to produce the amorphous phase of carbon via a solid state amorphization (SSA). This phase transformation is different from the liquid to solid or gas to solid transition which both are generated by quenching the liquid melt or gas by ultra-fast cooling, accompanied by significant change of structures[@b37][@b38].

SSA has been investigated by several studies reports[@b39][@b40][@b41][@b42][@b43]. Cahn and Johnson[@b39] suggested SSA is a first-order phase transformation which can be caused by different driving forces, such as ion implantation, high energy particle irradiation, chemical diffusion, temperature or pressure. For example, Rehn et al.[@b40] indicated that SSA was triggered by an elastic instability. Fecht[@b41] also established a general theory for crystal-amorphous solid transitions and demonstrated that the crystalline phase can be 'melted' by a discontinuous increase of vacancy concentration. Especially, there are many four coordinate covalent systems observed where an order to disorder crystal to amorphous transition occurs. The instability of the diamond structure caused by phonon softening under compression may also lead to the transformation into the disordered state[@b42]. More interestingly, C~60~ fullerene under heating at moderate pressures will transform to the hard amorphous state, which is a similar case to our GC[@b43]. Commonly, solid state amorphization happen due to two basic features: a deep metastability of initial crystal and a similarity between the short-range order structures of the initial crystalline and final amorphous phase. Thus, based on our energetic analysis, RDF and ADF simulations, we can infer that by exerting some kind of perturbation (temperature, pressure, displacement, laser, ion bombardment, *etc*) on the crystalline R3-carbon, the long-range order may collapse and thus GC can be generated.

For *sp*^3^-carbon rich systems, the most important applications are their excellent mechanical properties inherited from diamond. Based on the equilibrium structures, we evaluated the mechanical properties of these GCs under different pressures. The bulk moduli, shear moduli, and Young\'s moduli of the GC under different pressures from our calculations are listed in [Table II](#t2){ref-type="table"}. For comparison, the elastic constant of diamond is also calculated using the same scheme. The calculated bulk, shear modulus and Young\'s modulus of 447 GPa, 540 GPa and 1159 GPa for diamond crystal are in good agreement with the experimental values of 442 GPa, 540 GPa and 1205 GPa[@b44], respectively. Obviously, the bulk, shear, and Young\'s moduli of GC are strongly affected by the fraction of different bonding states. With increasing content of *sp*^3^ carbon bonding state, the Young\'s modulus rises gradually. As the pressure reaches 79 GPa, the content of *sp*^3^ bonding state reaches 90%, and the bulk moduli, shear moduli, and Young\'s moduli become 521 GPa, 368 GPa and 893 GPa, respectively. In our previous works[@b45][@b46], we found Young\'s modulus a quite reliable parameter for estimating Vickers hardness of common covalent materials. If so, the pressure-induced GC structures are anticipated to possess a hardness approaching that of Diamond.

Discussion
==========

In summary, we successfully generated one local minimum GC structure among a series of random structures with the SQ method. By means of DFT calculations we analyzed in detail its structural, thermodynamic and mechanical properties in a wide range of pressures (0--79 GPa). We present a theoretical picture of the pressure-induced phase transformation in GC, in proximity with previous experimental results. The transition pressure and obtained structure will depend on the specific synthesis method of the GC. The static pressure results in bond length changes and in a transition from *sp* to *sp*^2^ and *sp*^3^ carbon bonding states for GC. Consequently, the mechanical properties significantly vary due to the change of bonding type. With increasing pressure, the bulk moduli, shear moduli and Young\'s moduli approach diamond values. This may be an indication that off-equilibrium synthesis of glassy-carbon in bulk or thin film form, at high enough pressures may well result in a functional bulk material or coating with a hardness approaching that of diamond.

In addition, our results predict a new crystalline carbon allotrope named R3-carbon. Both the heat of formation and similar short-range order structures of R3-carbon and GC infer that this phase can be regarded as the embryo of amorphous GC. It provides another pathway to amorphization besides quenching from liquid melt or gas by ultra-fast cooling. This structure might also be tested as a seed layer for "epitaxial" growth of GC, utilizing their close-lying local structure and energetics. Therefore, we anticipate that the novel crystalline carbon allotrope and the promising pathway from this allotrope to synthesize amorphous carbon can be validated by future experiments.

Methods
=======

In the present simulation, the ground state GC structures were generated by the stochastic quenching (SQ) method[@b19][@b20][@b21][@b22][@b23], utilizing density functional theory (DFT) as implemented in the VASP package[@b47]. In our previous study of amorphous metal oxides by ultra-fast cooling from gas phase, it was shown that the SQ method provides a good description of the potential landscape of amorphous Al~2~O~3~[@b24]. Initially, the atoms are distributed randomly within the simulation box, which in this case was a cubic supercell, where after the atomic positions were allowed to relax by the conjugate gradient method. The projector augmented wave (PAW) method[@b48] was adopted and the *2s*^2^*2p*^3^ electrons of C were treated as valence electrons. A high energy cutoff of 700 eV was used for the plane-wave basis to ensure good convergence of the total energy and stress. The exchange-correlation interaction was described by the Perdew-Becke-Ernzerhofer functional (PBE) developed for solids and surfaces (PBEsol)[@b49] within the gradient generalized approximation (GGA). The Brillouin zone was sampled in the Γ point only for the 150 atoms supercell of GC. During the relaxation process, we fixed the supercell geometry and turned the symmetry off. To ensure the reliability of the SQ method, we quenched 20 different random configurations with the density of graphite (2.24 g/cm^3^) and diamond (3.52 g/cm^3^), respectively. The volume and number of carbon atoms in the simulation cell were also determined carefully by repeating the above procedure.

The final structures obtained at different pressures were further optimized using higher cutoff of 1000 eV in order to evaluate the mechanical properties accurately. For the quasi-cubic supercell, the bulk modulus (B) was directly fitted from the derivative of Pressure--Volume (P--V) relationship under hydrostatic compression. Using the finite strain method[@b50], we computed the elastic constants of the quasi-cubic supercell and then evaluated the isotropic shear modulus (G) using the Voigt--Reuss--Hill average scheme[@b51]. Consequently, the isotropic Young\'s modulus (*E*) can be calculated using the relationship: *E* = 9*KG*/(3*K* + *G*).

The dynamical stability of R3-carbon was investigated by phonon calculations in the software Phonopy[@b52]. The Perdew Becke Ernzerhof-functional (PBE)[@b53], a k-point mesh of 6 × 6 × 6 k-points, centered in the Г-point and a cutoff of 750 eV, with the energy convergence limit of 10^−8^ eV was used to accurately relax the unit cell consisting of 24 atoms. The force constants were calculated in real space, within Density Functional Perturbation Theory (DPFT), where a 2 × 2 × 2 supercell consisting of 192 atoms, an energy cutoff of 750 eV and a k-point mesh including the Г-point only was used. XRD-patterns were calculated in the software CrystalDiffract® for Windows 1.4.5. using a simulated wavelength of Cu, λ = 1.54.
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![The cohesive energies and symmetries of twenty random carbon structures with the densities of graphite (2.24 g/cm^3^) and diamond (3.52 g/cm^3^), respectively.](srep01877-f1){#f1}

![(a) The R3-structure, the (001)-plane and the (010)-plane. Three-membered rings are colored in purple. (b) The calculated diffraction pattern of the R3 phase, Cco-C8 Carbon, Bct-Carbon, M-Carbon, Z-Carbon, P-Carbon, R-Carbon, S-Carbon, T-Carbon, W-Carbon and X-Carbon, respectively.](srep01877-f2){#f2}

![The calculated phonon spectrum of the R3 phase along some selected paths in the Brillouin zone.](srep01877-f3){#f3}

![(a) Total density of state for increasing number of carbon atoms in the GC structure. The insert table displays the relationship between total energy with different density and number of carbon atoms in the model (b) The total as a function of density density of GC with 150 carbon atoms.](srep01877-f4){#f4}

![The GC structures under different pressure (0 GPa, 3.6 GPa, and 56 GPa).\
The red carbon pairs represent the C~2~ dimer.](srep01877-f5){#f5}

![The ratio of *sp*^2^ and *sp*^3^-type carbon bonding and bond length of GC with respect to external pressure up to 80 GPa.](srep01877-f6){#f6}

![The evolution of orbital-projected density of states of the GC structure with pressure.\
The Fermi level is set to 0 eV.](srep01877-f7){#f7}

![XRD-patterns of GC at different pressures compared with experimental data taken from Ref. [@b18].](srep01877-f8){#f8}

![Enthalpy of formation calculated for different carbon allotropes (diamond, graphite, M-carbon, W-carbon, R3-carbon, Bct-C4 carbon, Cco-C8 carbon, T-carbon and GC) for pressures up to 60 GPa.](srep01877-f9){#f9}

![Other possible transition paths from crystalline to amorphous carbon instead of quenching from liquid.\
The R3-carbon structure can be seen as an initial unit of GC. (a) The primitive cell, supercell structure and atomic positions of the R3-crystalline carbon allotrope with trigonal symmetry of R3. (b) The structure of GC under different pressure (8.46 GPa, 30.3 GPa and 58.3 GPa). The cluster composed of purple carbon atoms is some representative units of the distorted R3-carbon.](srep01877-f10){#f10}

![Radial distribution function (RDF) and angle distribution function (ADF) of R3-carbon phase, GC under 8.48 GPa, 30.3 GPa, and 58.3 GPa from our DFT simulations.](srep01877-f11){#f11}

###### The lattice constants and cohesive energies of graphite and diamond computed by different exchange correlation functionals, including the Perdew-Becke-Ernzerhof functional for solids and surfaces (DFT/PBEsol), density functional constructed with a long-range dispersion correction (DFT-D2) and the van der Waals density functional (vdW-DF), compared with the relevant experimental data[@b31]. (The c/a ratio of graphite is set to 2.76 in present calculations)

  Graphite    PBEsol   vdW-DF   DFT-D2   Expt.
  ---------- -------- -------- -------- -------
  a (Å)       2.458    2.465    2.460    2.460
  E~C~(eV)     8.29     7.99     8.41    7.37
  Diamond     PBEsol    vdW     DFT-D2   Expt.
  a (Å)       3.554    3.574    3.545    3.54
  E~C~(eV)     8.28     7.88     8.49    7.58

###### Structural data for the GC under different pressures as calculated in this work, including mass density (density), the ratio of the C~2~ dimer, twofold coordinated atoms (*sp*), threefold coordinated atoms (*sp*^2^), threefold coordinated atoms (*sp*^3^), mean bond length (R~1~), average total coordination number (CN), bulk modulus (B), shear modulus (G) and Young\'s modulus (E). The theoretical results of bulk diamond are also shown for comparison

  ---------------- ------------------- ---------------- ---------- ------------- ------------- ---------- ------ --------- --------- ---------
  Pressure (GPa)    Density (g/cm^3^)   C~2~ dimer (%)   *sp* (%)   *sp*^2^ (%)   *sp*^3^ (%)   R~1~ (Å)    CN    B (GPa)   G (GPa)   E (GPa)
  0                       1.88                9             12          72             7         1.463     2.86     97        36        96
  3.61                    2.09                9             10          70            11         1.462     2.95     111       62        156
  6.56                    2.35                12            3           60            25         1.470     3.10     138       87        216
  8.46                    2.50                13            0           53            34         1.476     3.23     150       101       248
  9.86                    2.68                9             0           49            42         1.496     3.43     240       154       381
  18.49                   2.89                11            0           44            45         1.488     3.4      256       152       389
  30.3                    3.13                15            0           32            53         1.485     3.49     315       215       525
  55.9                    3.48                13            0           12            75          1.48     3.7      416       270       666
  58.3                    3.54                13            0            9            78          1.48     3.72     434       314       759
  79                      3.75                11            0            0            89         1.475     3.78     521       368       893
  diamond                 3.52                0             0            0            100         1.54      4       447       540      1159
  ---------------- ------------------- ---------------- ---------- ------------- ------------- ---------- ------ --------- --------- ---------

###### Structural data for the GC under 56 GPa and 79 GPa from MD simulations at 0 K, 300 K, 700 K, 1300 K, including the ratio of the C~2~ dimer, twofold coordinated atoms (*sp*), twofold coordinated atoms (*sp*^2^), and threefold coordinated atoms (*sp*^3^)

  Pressure (GPa)    T (K)   C~2~ dimer (%)   *sp* (%)   *sp*^2^ (%)   *sp*^3^ (%)
  ---------------- ------- ---------------- ---------- ------------- -------------
  56                  0           13            0           12            75
                     300          8             0            9            83
                     700          4             0            6            90
                    1300          4             0            5            91
  79                  0           11            0            0            89
                     300          3             0            2            95
                     700          0             0            3            97
                    1300          1             0            3            96
